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1. Introduction 



Although classical general relativity entails Lorentz invariance locally, and the latter symmetry 
survived many stringent experimental tests, especially the ones making use of high energy particle 
probes [jl|], this symmetry may not be a true feature of Quantum Gravity. In this talk I will discuss 
some instances in string theory where Lonretz symmetry could be broken. As I will argue, such 
situations are consistent with world-sheet conformal invariance, and hence, at least from a first- 
quantization point of view, are acceptable string theory backgrounds. The discussion will include 
strings in external electric fields, which are known to induce space-time non commutativity. I will 
also discuss some instances where second quantized open string field theory entails Lorentz Invari- 
ance Violations (LIV) [0]. Moreover, I will describe how such LIV may arise in non-equilibrium 
situations in string theory, described in a first quantized framework by a version of the so-called 
non-critical (Liouville) string theory, in which the target time is identified with the (irreversible) 
Liouville mode [g, g]. 

Among the topics to be discussed, are induced modified dispersion relations, which may also 
characterize other approaches to quantum gravity, such as deformed special relativities (DSR) [g], 
which have been covered extensively in this meeting by other speakers. I will attempt to make a 
comparison with such an approach, from the point of view of the induced coordinate and momen- 
tum dependent Finsler geometries [[], [7|]. 

I will not be detailed in the phenomenology of the various approaches, as the subject is vast 
and has been covered at various sessions of this conference. There are excellent reviews on the 
subject, see for instance ref. [||], where I refer the reader for details. I will however mention 
very briefly some phenomenological issues, in particular those associated with consequences on 
Lorentz symmetry on CPT violation which could help disentangle experimentally the various 
LIV models, in the sense that, as we shall see, LIV does not necessarily imply CPT Violation JlO|], 
and that there are certain forms of CPT Violation which could occur only in specific ways of 
LIV [@]. 

It should be stressed that the review is from a personal perspective and is by no means com- 
plete. I do hope, however, that it captures some essential features of this rapidly expanding research 
field and communicates relevant and accurate information among the relevant communities. 

The structure of the talk is as follows: in section 2 I discuss LIV from an open bosonic string 
field theory point of view. In section 3 I describe LIV in the context of a generic first quantized non- 
critical (Liouville) string, while in section 4 I discuss an example of the latter, that of a recoiling 
D-particle and the associated space time foam model. I pay particular emphasis on explaining 
how modified dispersion relations of particle probes emerge in such models, as a result of induced 
geometry deformations, described by space-time metrics that depend on both the coordinates and 
the momenta of the probe (Finsler type). In section 5 I compare the results with cases of strings in 
non commutative space times. In section 6 I make a brief comparison of the predictions of the D- 
particle model, as far as modified dispersion relations and Finsler geometries are concerned, with 
deformed special relativities, as well as a (deformed version [ 1 1 ] of the) very special relativity with 
reduced symmetry advocated by Cohen and Glashow [12]. Finally section 7 states our conclusions 
and outlook. 
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2. Spontaneous Lorentz Violation in Bosonic Open String Field Theory 

A fundamental way for breaking Lorentz symmetry in theories of quantum gravity is the spon- 
taneous breaking of Lorentz, symmetry (SBL) [pj, according to which the ground state of a physical 
quantum system is characterized by non trivial vacuum expectation values of certain tensorial quan- 
tities, {srfn) 7^ 0, or (38^ lll2 ...) 7^ . A concrete example of SBL may be provided by string field 
theory models of open bosonic strings [g]. A generic state of an open string field can be expanded 
in terms of (an infinite series of) string modes as: 

\W) = {T(x ) +A tl (x )(£ 1 + ^iB M (x )a M 2 + ^B^x^a^a^ + 

ft (x )^-iC-i + . . . + £iD M (x&)<£ 4 + ... 5 3 (x )Z7_ 1 c_3 + • • -}|0) (2.1) 

where xq denotes a generic space time point and a„ are the appropriate creation operators, which 
upon acting on the (first quantized) open string vacuum state |0), create the various excitation 
modes: scalars (tachyons) with amplitude T(x$), which are characteristic of the open bosonic (in 
general broken supersymmetric) string, vectors, with amplitudes A^,..., tensors with amplitudes 
S^v, . . . etc.. Ghost fields, with creation operators b n ,c n are also included, which arise from fixing 
the gauge invariances of the string state. 

The open string field theory action is cubic in the field *P. Upon expanding about a squeezed 
state background ^b, ^ = *Pb + A, as appropriate for our discussion on Lorentz violating vacua in 
strings [||], one obtains for the string field theory action /^P): 

I ( W ) = ^S^b*Q^b + S^b*^b*^b+ 2^7 /A*g*A + /§A*A*A. (2.2) 

In the above equation, * denotes the appropriate gauge invariant inner product of open string field 
theory, a' is the Regge slope, and the suffix B denotes background, whilst g is the ghost number. 
The quantity Q is the nilpotent (Q 2 = 0) BRST operator, and Qb is defined by its action on a generic 
string state <I> in the background »F B : Q B ^ = QQ + gGc'^B*® - (-l) g (*)<I>* , P B ]. 



As becomes evident from (2.2), in such models, there are cubic terms in an effective low- 
energy (target-space) Lagrangian involving the tachyonic scalar field T, that characterizes the 
bosonic string vacuum, and invariant products of higher-tensor fields 38^ n that appear in the 
mode expansion of a string field: 

T^...^ 1 -^ . (2.3) 

The negative mass squared tachyon field, then, acts as a Higgs field in such theories, acquiring 
a vacuum expectation value, which, in turn, implies non-zero vacuum expectation values for the 
tensor fields 38, leading in this way to energetically preferable configurations that are Lorentz 
Invariance Violating (LIV). From the point of view of string theory landscape these are perfectly 
acceptable vacua [Q], given that they respect world-sheet conformal invariance of the first quantized 
string theory. 

An effective target-space field theory framework to discuss the phenomenology of such LIV 
theories is the so-called Standard Model Extension (SME) [|10|]. For our purposes in this section, 
it suffices to simply give an example of SME effects on phenomenology of particle physics, by 
considering the SME Modified Dirac Equation for spinor fields y/, representing leptons and quarks 
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with charge q: 

(if IP -M- a^f - b^tst - \H^a^ + ic^D* + id^fD") y = 0, (2.4) 

where D^ = d^—A"T a — qA^ is an appropriate gauge-covariant derivative. The non-conventional 
terms proportional to the coefficients a„, bn, c^ v , d^ v , Hay,..., stem from the corresponding 
local operators of the effective Lagrangian which are phenomenological at this stage. The set 
of terms pertaining to entail CPT and Lorentz Violation, while the terms proportional to 

C/iv jd^y jH^y exhibit Lorentz Violation only. It should be stressed that, within the SME frame- 
work, as is also the case with the decoherence approach to Quantum Gravity (QG) CPT viola- 
tion does not necessarily imply mass differences between particles and antiparticles. 

Some remarks are now in order, regarding the form and order-of-magnitude estimates of the 



Lorentz and/or CPT violating effects. In the approach of [JlOp the SME coefficients have been taken 
to be constants. Unfortunately there is not yet a detailed microscopic model available, which would 
allow for concrete predictions of their order of magnitude. Theoretically, the (dimensionful, with 
dimensions of energy) SME parameters can be bounded by applying renormalization group and 
naturalness assumptions to the effective local SME Hamiltonian, which leads to bounds on bp, of 
order 10~ 17 GeV. At present all SME parameters should be considered as phenomenological and 
to be constrained by experiment. In general, however, the constancy of the SME coefficients may 
not be true. In fact, in certain string-inspired or stochastic models of space-time foam that violate 
Lorentz symmetry [|9|, |l3| ], the coefficients a^,b^... are probe-energy (E) dependent, as a result of 
back-reaction effects of matter onto the fluctuating space-time. Specifically, in stochastic models 



of space-time foam, one may find [ ]13[ ] that on average there is no Lorentz and/or CPT violation, 
i.e., the respective statistical v.e.v.s (over stochastic space-time fluctuations) (a^ ,b^) = , but this 
is not true for higher order correlators of these quantities (fluctuations), i.e., {a^a v ) / 0, {b^a v ) / 

0, (b^by) ytz , In such a case the SME effects will be much more suppressed, since by 

dimensional arguments such fluctuations are expected to be at most of order E 4 /Mp, and hence 
much harder to detect. 



3. Non-Critical String theory as an alternative to Landscape and LIV 



Critical strings, in a first quantized form [14], endow world-sheet conformal invariance. As a 



result, from a target space time view point the strings propagate in classical space time backgrounds 
that obey equations of motion, derived from an effective action, and thus they describe by construc- 



tion equilibrium situations in field theory. On the other hand, non-critical (Liouville) strings [ |15| ] 
correspond to a-models deformed by world-sheet vertex operators that are non conformal. As a 
result, the corresponding target-space backgrounds, which the string propagates on, are off-shell, 
that is they do not obey equations of motion, although the corresponding world-sheet beta func- 
tions are proportional to off-shell variations of the string effective action. This latter result stems 
from a generic property of stringy a-models, according to which the world-sheet renormalization 
group beta function, fi'(g), expressing the running of the "renormalized" background g ! (jU) with 
the world-sheet renormalization scale pt, is always proportional to the variations with respect to g l 
of an off-shell scalar function y in the space of backgrounds {g'}, which thus plays the role of a 
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Figure 1: A schematic view of string theory space, which is an infinite-dimensional manifold endowed with 
a (Zamolodchikov) metric. The dots denote conformal string backgrounds. A non-conformal string flows (in 
a two-dimensional renormalization- group sense) from one fixed point to another, either of which could be a 
hypersurface in theory space. The direction of the flow is irreversible, and is directed towards the fixed point 
with a lesser value of the central charge, for unitary theories, or, for general theories, towards minimization 
of the degrees of freedom of the system. 



target space action [pi]] : 

ns)=^% (3-D 

where is the inverse of Zamolodchikov metric [ |P7| ] in the theory space of strings, {g 1 }, which 
is related [17, 16] to world-sheet short distance divergencies of the two point function of the vertex 
operators for the backgrounds g 1 : = Lim z ^oz 2 z 2 (V,-(z,z)Vy(0,0)). 

In this sense, non-critical strings represent non equilibrium situations in string theory, and in 
fact have been used [18, [HJ to discuss an approach to equilibrium in cosmology, in an attempt 
to explain the smallness of the observed current-epoch cosmological constant (or, more accurately, 
dark energy), by viewing it as a relaxation phenomenon (see fig. |I]). The framework may be viewed 
as providing alternatives to landscape scenarios in string theory [|3j, [19]]. Crucial to the above in- 
terpretation was the identification ^ of time with the Liouville mode of non-critical strings [JTJ], 
which is allowed in certain supercritical string models pQ], described by a-models whose central 
charge exceeds the critical value. We note that recently, supercritical strings, especially from the 
cosmological point of view, attracted some attention, either from a theoretical point of view, in an 
attempt to discuss the initial value problem of our Universe and the associated cosmological in- 
stabilities [|1|], or from a purely phenomenological view point, as modifying astroparticle physics 
constraints on interesting particle physics models, such as supersymmetric [22]. 

In this presentation we shall consider non-critical strings [||] as providing [^3|] situations in 
which Lorentz symmetry of the string vacuum may be broken, in the sense of leading to a non- 
trivial vacuum refractive index, i.e. modified dispersion relations, for photons. In fact, to our 
knowledge, this was the first instance where modified dispersions have been proposed in the context 
of concrete Lorentz violating approaches to quantum gravity. Subsequently, many other proposals 
have been made, which entailed non-standard dispersion relations for a variety of reasons that I 
will not discuss here. For the purposes of this talk, I will single out the so-called Deformed Special 
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Relativity (DSR) class of models, in which such modified dispersion relations are a consequence of 
the deformed Lorentz symmetries that leave invariant the characteristic energy scale ("Planck") of 
the theory We shall compare the Liouville string results with DSR later on in our presentation. 

At present, we consider it as instructive to review first the basics of the non-critical-string 
formalism that lead to such results. To this end, let one consider a a-model action deformed by 
a family of vertex operators Vi, corresponding to 'couplings' g', which represent non-conformal 
background space-time fields from the massless string multiplet, such as gravitons, G jUV > antisym- 
metric tensors, B^ v , dilatons <!>, their supersymmetric partners, etc. : 

S = S (X) + J £g i fd 2 z.Vi(X) , (3.2) 

where So represents a conformal a model describing an equilibrium situation. The non-conformality 
of the background means that the pertinent /3' function /3' = dg' jd\xv\i ^ 0, where \i is a world- 
sheet renormalization scale. Conformal invariance would imply restrictions on the background and 
couplings g', corresponding to the constraints j6' = 0, which are equivalent to equations of motion 
derived from a target-space effective action for the corresponding fields g' . The entire low-energy 



phenomenology and model building of critical string theory is based on such restrictions [14]. 



In the non-conformal case /3' ^ 0, the theory is in need of dressing by the Liouville field in 



order to restore conformal symmetry [15]. The field <p acquires dynamics through the integration 
over world-sheet covariant metrics in the path integral, and may be viewed as a local dynamical 
scale on the world sheet [Qj. If the central charge of the (supersymmetric) matter theory is c m > 
25(9) (i.e., supercritical [|2(]]), the signature of the kinetic term of the Liouville coordinate in the 
dressed a-model is opposite to that of the a-model fields corresponding to the other target-space 
coordinates. As mentioned previously, this opens the way to the important step of interpreting 
the Liouville field physically by identifying its world-sheet zero mode 0q with the target time in 
supercritical theories [J3j] . Such an identification emerges naturally from the dynamics of the target- 



space low-energy effective theory by minimizing the effective potential [ 24 ] . 



The action of the Liouville mode reads [15] 



Sl = So (X) + X 7?[±(<90) 2 - QR^} + Vyg'imiX) , (3.3) 

where y is a fiducial world-sheet metric, and the plus (minus) sign in front of the kinetic term of 
the Liouville mode pertains to subcritical (supercritical) strings. The dressed couplings g'((j)) are 
obtained by the following procedure: 

J d 2 zg i V i (X) -» J dhgm e^Vi(X) , (3.4) 

where a, is the "gravitational" anomalous dimension. If the original non-conformal vertex operator 
has anomalous scaling dimension A; — 2 (for closed strings, to which we restrict ourselves for 
definiteness), where A, is the conformal dimension, and the central charge surplus of the theory is 
q2 _ c m -c > Q (f or bosonic strings c* = 25, for superstrings c* = 9), then the condition that the 
dressed operator is marginal on the world sheet implies the relation: 

a i (a i + Q) = 2-A i . (3.5) 
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Imposing appropriate boundary conditions in the limit <p — > oo [15], the acceptable solution is: 



The gravitational dressing is trivial for marginal couplings, A,- = 2, as it should be. This dressing 
applies also to higher orders in the perturbative g' expansion. For instance, at the next order, where 
the deviation from marginality in the deformations of the undressed amodel is due to the operator 
product expansion coefficients c l - k in the j8' function, the Liouville-dressing procedure implies the 



replacement [25]: 



g'^ + ^kc^g^, (3.7) 



in order for the dressed operator to become marginal to this order (the ± sign originates in (3.3)). 

In terms of the Liouville renormalization-group scale, one has the following equation relating 
Liouville-dressed couplings g' and j3 functions in the non-critical string case: 

g i + Qgi = Tp i (g j ) , (3.8) 

where the — (+) sign in front of the j6-functions on the right-hand-side applies to super (sub)critical 
strings, the overdot denotes differentiation with respect to the Liouville zero mode and j8 ! is the 
world-sheet renormalization-group j3 function satisfying the gradient flow relation (JO]) (but with 
the renormalized couplings replaced by the Liouville-dressed ones as defined by the procedure in 
0, Q). Formally, the 0'" of the r.h.s. of Q may be viewed as power series in the (weak) 
couplings g'. The covariant (in theory space) S^/jS-' function may be expanded as: 



= L<^X---^V' 1 , (3-9) 



where V t indicates Liouville dressing a la ( pA\ ), (. . .)^ = / d(f>dr exp(— S(^,r,g ] )) denotes a func- 



tional average including Liouville integration, and S(<j>,r,g l ) is the Liouville-dressed a-model ac- 



tion, including the Liouville action [15] 



In the case of stringy o models, the diffeomorphism invariance of the target space results in 
the replacement of ( [3"lj| ) by: 

/ + <2(0s' = Tj3', (3.10) 

where the /3' are the Weyl anomaly coefficients of the stringy a model in the background {g 1 }, 
which differ from the ordinary world-sheet renormalization-group j3' functions by terms of the 
form: 

j8' = j8' + ^' (3.11) 
where 8g' denote transformations of the background field g' under infinitesimal general coordinate 



transformations, e.g., for gravitons Q] /3^ v = /3^ v + V^WV), with = V^O, and j8^ v = R^y to 
order a' (one a-model loop). 



The set of equations (|3.8|),( p.l0| ) defines the generalized conformal invariance conditions, ex- 
pressing the restoration of conformal invariance by the Liouville mode. The solution of these 
equations, upon the identification of the Liouville zero mode with the original target time, leads 
to constraints in the space-time backgrounds [j3], in much the same way as the conformal in- 
variance conditions j8' = define consistent space-time backgrounds for critical strings [|14|]. It 
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is important to remark [[T^, [|, 26] that the equations ( 3.10| ) can be derived from an action. This 



follows from general properties of the Liouville renormalization group, which guarantee that the 
appropriate Helmholtz conditions in the string-theory space {g 1 } for the Liouville-flow dynamics 
to be derivable from an action principle are satisfied. It is equations of the form (^^),( 3~To| ) that 



characterize the non-equilibrium Liouville string cosmologies [|i9|], mentioned previously, which 
replace the standard Einstein-Friedmann equations. 

Now we come to our main point, namely the emergence of modified dispersion relations for 
particle probes in the non-critical string framework. The structure of eq. ( |3"77| ) suggests that the 
effects of the non-criticality are quite complicated in general. However, the form of the Liouville 
time dependence implies that one of the physical effects of the non-criticality is a modification of 
the time-dependence of the Liouville dressed g'(<p = —t), which may be described to order 0(g 2 ) 
by the following approximation to < $}j\ ): 

g'{t) (3.12) 

where the Aa,- depend on the c' jk , which encode the interactions with quantum-gravity fluctuations 
in the space-time background. We are now ready to discuss the issue of wave dispersion. From 
a target-space point of view, the g' may be viewed as the Fourier transforms, i.e., the polarization 
tensors, of target-space background fields, and the vertex operators are wave operators . For 
instance, for a deformation corresponding to a scalar mode T(X), one can write 

/ dhy/jjVi = J d 2 z,^f J d D ke ik " xM ^T{k) (3.13) 

where the summation over i includes target-space integration over k, on a D-dimensional Euclidean 
space. For massless string modes, as opposed to higher modes, A,- — 2 = k M kf4 = \k\ 2 - For our 
purposes, it suffices to consider the case of an almost flat space time with small quantum-gravity 
corrections coming from the interactions of massless low-energy modes with the environment of 
Planckian string states, implying that the string is close to a fixed point for which Q 2 = c[g*] — 25 = 
0. This is the case in the backgrounds of interest to us, where the deviations from the conformal 



point are small. In such a case, we see from ( |3.6| ) that a,- ~ \k\ 



Our basic working hypothesis, which has been confirmed explicitly in the two-dimensional 
string black hole example [^J, is that the matter deformations in such a black-hole background are 
not exactly marginal unless the couplings to non-propagating Planckian global modes are included 



in the analysis. This implies that the set of the operator product expansion coefficients c'j k in ( p.l\ ) 
includes non-zero couplings between massless and Planckian modes in the presence of non-trivial 
metric fluctuations, say of black-hole type, and more generally in the presence of structures with a 
space-time boundary. These couplings arise in string theory from the infinite set of stringy gauge 
Woo symmetries. They imply that the massless modes constitute an open system, and that they lose 
information to these non-propagating higher-level modes which are not detected in local scattering 
experiments, inducing apparent decoherence [0]. 



'Here the concepts of Fourier transforms and plane waves should be understood as being appropriately generalized 
to curved target spaces, with the appropriate geodesic distances taken into account. For our purposes below, the details 
of this will not be relevant. We shall work with macroscopically-flat space-times, where the quantum-gravity structure 
appears through quantum fluctuations of the vacuum, leading simply to non-criticality of the string, in the sense of 
non- vanishing j5' functions. 
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The order of magnitude of such couplings is not known at present, and precise calculations 
would require a full second-quantized string theory. As we shall discuss in the next section, one 
may have situations in non-critical string models, in which there is minimal suppression of the 
quantum gravity effects by a single power of the quantum gravity scale (say, Planck mass although 
in string theory this may be different from the string scale M s ). In such a case one may assume that 

\k\ 2 

AOH^n^- (3-14) 
Mp 

with r\ a dimensionless quantity, which parametrizes our present ignorance of the quantum struc- 
ture of space time. For the purposes of the present work, we restrict ourselves to non-critical strings 
on fixed-genus world sheets, in which case rj in ( 3.14J ) is real. This should be viewed as describ- 



ing only part of the quantum-gravity entanglement, namely that associated with the presence of 
global string modes [Q]. The full string problem involves a summation over genera, which in turn 
implies complex tj's, arising from the appearance of imaginary parts in Liouville-string correlation 
functions on re-summed world sheets, as a result of instabilities pertaining to microscopic black- 
hole decay in the quantum-gravity space-time foam [§]. Such imaginary parts in r\ will produce 
frequency-dependent attenuation effects in the amplitudes of quantum-mechanical waves for low- 
energy string modes. This type of attenuation effect leads to decoherence of the type appearing in 
the density-matrix approach to measurement theory [^]. For our purpose of deriving bounds on the 
possible accuracy of distance measurements, however, such attenuation effects need not be taken 



into account, and the simple entanglement formula ( |3.14| ), with real TJ, will be sufficient. 

The value of v\ depends in general on the type of massless field considered. In particular, in 
the case of photons rj is further constrained by target-space gauge invariance, which restricts the 



structure of the relevant a-model j8 function. With this caveat in mind, ( 3.14 ) represents a maximal 
estimate of Aa,, compatible with the generic structure of perturbations of the a-model j8 functions 
for closed strings. 



The equations (3.7), (3.13) and (3.14) indicate that the dressed a-model deformation (3.4) 
corresponds to waves of the form 2 

e i\k\t+ik.X+ir,^t ^ ^ 

The corresponding modified dispersion relation 

E~\k\ + ri\k\ 2 /Mp, (3.16) 

which was dictated by the overall conformal invariance of the dressed theory, implies that massless 
particles propagate in the quantum-gravity 'medium' with a (group) velocity (in units of c = 1) that 
is effectively energy-dependent: 

v~\ + r]E/M P . (3.17) 

In the next section we shall discuss concrete models p7|], in which the induced non-criticality 
will arise as a result of microscopic interactions of the massless string excitation, say photon, with 
a target-space point-like defect, a so-called D-particle, in the modern approach to string theory 



2 Note that eq. ( 3.15 ) is consistent with target-space gauge invariance, since it may describe one of the polarization 
states of the photon, and the transversality condition on the photon polarization tensor, k^A^ = 0, can be maintained. 
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involving Dirichlet brane defects [|28|]. In such models, the modified dispersion arises as a result of 
a non-Minkowskian, momentum dependent, local deformation of the space-time metric, due to the 
"recoil" of the defect during its scattering with the massless string mode. One then obtains effective 



refractive indices in vacuo of the form ( |3.17| ) with — 1 < rj < and thus there is only subluminal 



propagation of photons in the D-particle medium. 

4. Gravity-Induced Modified Dispersion Relations in Non-Critical Strings and 
Finsler Geometry 



Stase (I) 




Stage (II) 




time = (impact) 



Stage (III) 





Open strings 

D-particles 



Consistent supersymmetric 
D-partiele foam models 
can be constructed 

No recoil, no brane motion= 
zero vacuum energy, 
unbroken SUSY 



recoil contributions to 
vacuum energy 

Broken SUSY 



Logarithmic conformal field theory describes the impulse at stage (II) 

Figure 2: Schematic representation of the capture/recoil process of a stting state by a D-particle defect 
for closed (left) and open (right) string states, in the presence of D-brane world. The presence of a D- 
brane is essential due to gauge flux conservation, since an isolated D-particle cannot exist. The intermediate 
composite state at t = 0, which has a life time within the stringy uncertainty time interval 8t , of the order 
of the string length, and is described by world-sheet logarithmic conformal field theory, is responsible for 
the distortion of the surrounding space time during the scattering, and subsequently leads to Finsler-type 
induced metrics (depending on both coordinates and momenta of the string state) and modified dispersion 
relations for the string propagation. 

We consider the situation depicted in fig. |2[ which represents our world as a three brane, prop- 
agating in a bulk higher-dimensional space time, "punctured" by D-particle (point-like Dirichlet 
brane) defects 3 . Such configurations are acceptable (super)string backgrounds, given that when 
the D-brane and D-particle configurations are static, one can construct a consistent supersymmet- 



ric ground state for the string with vanishing energy [30Q. Matter stringy excitations on the brane 
world, represented by open strings with their ends attached on the brane, as well as closed strings 
propagating on both the bulk and the brane, and representing excitations from the string gravita- 
tional multiplet (i.e. gravitons, dilatons, antisymmetric Kalb-Ramond tensors and their supersym- 
metric partners) can interact non trivially with the D-particles in the sense of the "capture" process 
indicated on the figure. According to this picture, there is an intermediate composite string-D- 



particle state piQ, which lives within a stringy time uncertainty interval 8t, whose recoil (in order 
to maintain energy-momentum conservation) distorts the surrounding space time [|], f27j], deforms 
it from the initially assumed Minkowski, and thus the string travels on a curved background. The 



3 The reader's attention is called here upon the necessary presence of a D-brane world when D-particles are em- 
bedded in the bulk space, given that isolated D-particles cannot exist [^] due to the requirement of conservation of the 
U(l) gauge fluxes that characterize D-branes jp8[|. In general, in string/brane theory higher-rank £)p-branes (i.e. with p 
longitudinal directions) provide endpoints for lower- p branes, and the latter govern the dynamics of the former. 
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deformation is local in the sense that it pertains only to the neighborhood of the D-particle defect 
and decays far away from it. 



Logarithmic conformal field theory methods on the world sheet of the string have been used ||31 



26p in order to study the deformations of the a-model produced as a result of the formation of the 
intermediate string-D-particle state and the subsequent recoil process, depicted in fig. |[ We shall 
omit the details here, since the reader may find them on the relevant works in the literature, and out- 
line instead only the main results. The pertinent deformation on the open-string a-model boundary 
d£, describing open string excitations of the D-particle as a result of its recoil, is given by the 
impulse operator in a non-relativistic approximation, valid for the case of heavy D-particles we 



consider here [ 3 1 



V iec = Ui X°e e W , © e (X°) = Lim e ^ 0+ 1 /- + r dcogt e (4. 1) 

where d" denotes normal derivative on the world sheet. The fields X° obey Neumann (free) bound- 
ary conditions, whilst the fields X' (i a spatial target-space index, i = 1, . . .D— 1 for D-dimensional 



embedding space times) satisfy Dirichlet (fixed) boundary conditions on the world sheet [28], as 
appropriate for a description of open string excitations attached to a D-brane (in this case a point- 
like one, the D-particle). 



Logarithmic world-sheet algebra considerations Q31| , [26Q require the presence of a companion 
operator to close the algebra, 



^comp 



/ eyie e (X°)W, (4.2) 



where yt is a collective spatial coordinate of the D-particle. Physically ey; indicates the uncertainty 
in the spatial coordinate of the D-particle. This, then implies that the time uncertainty (in this 



approximation) is [31] AZ° = At ~ i which describes the duration of the scattering, not to be 
confused with the life time of the intermediate composite string state of fig. ||, which is much 
smaller, of the order of the string length £ s Q32|] 4 . It turns out that, for reasons pertaining to the 



closure of the logarithmic algebra [31 ] the limit e — > + cannot be taken independently of the world 



sheet renormalization scale InA, where A is the world-sheet area. In fact, one must have 

£~ 2 ~ InA (4.3) 

Hence, only close to an infrared fixed point situation, where A — > oo one has e — > + , and the 
duration of the scattering is much larger than all other scales in the problem. In general, 1/e must 
be kept finite, and this expresses the life time of the induced space time deformation, which we 
now proceed to discuss. 



To this end, we take into account [31 ] that the anomalous dimension of the operators (4.1 ), (1.2) 
is — e 2 /2 and hence these deformations are relevant from a world-sheet renormalization group 
viewpoint. The corresponding open string a-model is thereby non conformal, in need of Liouville 



4 As discussed in [plj|, the presence of both pairs of logarithmic operators (|4.l|), ( |4.2| ) are responsible for reproducing 
the correct stringy uncertainty principle between spatial coordinates and momenta, as well as all the other (stringy) un- 
certainties. Due to the presence of the D-particle, the total energy of the composite state is M s /g s , to a first approximation 
(for probe energies much smaller than M s /g s ), and hence its life time St ~ g s /M s = g s ts ■ 
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dressing JT5| ] in order to restore the conformal symmetry and hence the consistency of the world- 



sheet theory []14j]. The dressed operator ( |4.1| ), which is the leading contribution to recoil in the limit 



of small £, reads: 



Vh c = I e a(p UiX <d E {X°)d n X\ (4.4) 

JdT, 



where q> is the Liouville mode Q15Q, and a the Liouville anomalous dimension (p.5|), which is 
such that the dressed operator ([O]) is conformal (i.e. of conformal dimension (1,1)) on the world- 
sheet. Detailed analysis [ffl] shows that there is a central charge surplus of order e 4 , and hence the 



deformed a-model is supercritical [20] and the Liouville mode time like 



The Liouville anomalous dimension is, to leading order in e (c.f (3.6)): a ~ e/ y/2. By rewrit 



ing the boundary dressed operator ( |4.4| ) as a bulk one, using Stokes theorem, and performing the 
relevant partial integrations on the world sheet, using also the (world-sheet) string equations of 
motion, we may arrive at the following bulk world-sheet £-deformation [Q] : 

Hulk ~ -eta I e*l'/ y/I X ® e (X )dq>dX i ~ -em [ e^^-^X^ydX* (4.5) 

where we approximated e (X°) ~ e~ eX ° , for X° > where our formalism applies. We now observe 
that for times of order X° ~ At ~ 1/e, i.e. within the duration of the scattering, the bulk operator 
( fO| ) implies an off-diagonal deformation of the space-time metric [0], with cp — i components 

gi 9 ~ e<fl^-^meX Q , X° ~ A? ~ 1/e (4.6) 

The Liouville dressing procedure increases the target space dimension by one, and in this particular 
case the string is supercritical, so the D+l enhanced space time has in fact two time-like coordi- 
nates, X° (if the original space time had Minkowski signature) and (p. However, in the approach to 
recoil advocated in refs. [ f3l| , ffl], for reasons of convergence of the world-sheet path integral, the 
coordinate X° is assumed of Euclidean signature. This implies the following form for the induced 
metric of the Liouville-augmented space-time: 

^Liouville dress = " i^f + (dX°) 2 + Ig^dX 1 + (dX 1 ) 2 (4.7) 

In the approach of [|[|, the "physical time" lies on an appropriate hyper-surface obtained by keeping 
fixed the quantity: 

<p + (const)X = (4.8) 

where the constant in front of X° is positive and its value depends on the details on the underly- 
ing microscopic model. The opposite flow of time with respect to the Liouville mode is a generic 
feature, related to specific renormalization group properties of the Liouville mode, which, in the 
approach of [^] is considered as a local world-sheet renormalization group scale. As such, it flows 
from an Infrared to ultraviolet and back to an infrared fixed point on the world sheet along spe- 
cific closed-path trajectories, dictated by the appropriate quantization procedure of the Liouville 
theory [ph. The corresponding target space flow then must be opposite, for reasons associated with 
the stability properties of the target-space effective action, as explained in detail in []3p, where we 
refer the interested reader for further reading. 
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In what follows we shall impose the constraint: 



^+X° = (4.9) 



The normalization in (4.9) is fixed by the requirement that after the identification (up to a posi- 
tive proportionality constant) of the Liouville mode with minus the target time, the resulting D- 
dimensional space time must have a time coordinate normalized as in Robertson- Walker space 



times, which defines the physical time 5 . Interestingly enough, the combination on the left-hand- 



side of ( |49j ) appears p4[ ] in the mass squared terms of the effective potential of the low-energy 
theory in the four-dimensional space time obtained after compactifying the superstring model on 
magnetized torii, with a transient "fictitious " magnetic field in the extra dimensions, which asymp- 
totes to an intensity H. Such transient fields might characterize collision of brane worlds in the way 
explained in [24]. It runs out that, if we parametrize the transient field strength by He eX ° , for times 
X° < l/e, e — > + (similar to our recoil case above) and constant afterwards, one arrives again at 
supercritical strings. After Liouville dressing, to restore conformal invariance, the mass-squared 
splittings 8m 2 between fermionic and bosonic matter degrees of freedom on the brane worlds, as 
a result of their coupling with the magnetic field H (a sort of "Zeeman effect"), are given by (for 
the example of toroidal compactification, say, of the 4th and 5th spatial directions of a five-brane 



world compactified to a three-brane [24]): 



8m 2 B _ F ocHe v/2 £ 45 (4.10) 

with £45 denoting spin structures in the plane of the compactification torus. Stability of the theory, 
i.e. time independent masses, can be guaranteed, independently of the value of £, if the constraint 
is satisfied. In this way, the Liouville dressed theory, guarantees the asymptotic stability of 
the supersymmetry obstructing mass splittings beyond the time l/e. 

We may enforce the above scenario in our D-particle models, depicted in fig. ||, if we con- 
sider the three-brane world as being obtained from compactification of five (or higher-dimensional) 
branes on such magnetized manifolds, and assume that, at an early epoch, there was a collision with 
another brane. Such models can make consistent string backgrounds if the branes are still [|30|]. 
The collision will also break target space supersymmetry, in a way determined by the magnitude 
of the fictitious magnetic field H, independently of the magnitude of the dark energy of the brane 



world [24, 19], and hence desirable from a cosmological/phenomenological view point. 

The recoil analysis, described above, goes in parallel with the supersymmetry obstruction 
scenario due to the magnetized compactification, and hence the identification of time with the 
opposite of the Liouville mode ( fi~9^ ) is guaranteed in a dynamical way, ensuring stability of the 
ground state of the system. 



5 A more complicated situation, leading to different proportionality constants between Liouville mode and target 
time has been considered in [^2|, where a semi-microscopic model to describe D-particle recoil induced by strings 
propagating in brane worlds has been considered. The induced four-dimensional metric in such a situation is more 
complicated than (|4-.7|), as is obtained by averaging appropriately over statistical populations of D-particles (c.f. some 
discussion below). The results of both analyses, however, as far as D-particle-recoil-induced modified dispersion re- 
lations for matter probes are concerned, are qualitatively similar and, hence, for our purposes in this article we shall 
consider ( |4.9| ) from now on. 
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Upon this identification, the off-diagonal induced metric (4.6) becomes off-diagonal in a four- 
dimensional space-time sense: 

goK*%;) ~ "*eX V 2e *° (4.11) 

For times of order of the duration At of the scattering, X° ~ At ~ 1/e, the order of magnitude of 
the metric is: 

g 0i (X ,Ui) ~ Ui , X° ~ A? ~ 1/e (4.12) 

The metric, as expected, decays exponentially with the target time 6 for X° > 1/e, leading to an 
asymptotic Minkowski metric for times X° ^> l/e. 

Taking into account that the intermediate-state(open-string/D-particle) recoil velocity u, is re- 
lated to a fraction of the incident momentum [ pi] , f|, 26], u t = g s kj/M s , where M s /g s is the mass of 
the D-particle, with the string coupling, and M s the string mass scale, we then observe that the 
induced metric ( 4.1 1 ) (or ( 4.12 ) depends on both target space-time coordinates and momenta of the 
open string. In fact, immediately after the end of the uncertainty time period 8t, where the open 
string state is re-emitted, with a momentum &2,i, the D-particle recoils with a velocity u\ = k\j + k2,i, 
i.e the momentum transfer. Thus, the induced space time geometry also changes then. However, 
because the momentum transfer is of the order of the incident momentum, the induced metric de- 
formation retains its order of magnitude. In the original works [Q], and also in what follows, it is 
this geometry, after the re-emission of the string, that we consider explicitly. 

The dependence of the metric ( |4.12[ ), ( [4.1 1[ ) on both coordinates and momenta implies a Finsler 
construction It should be mentioned at this point that such a situation also characterizes [{7|] 
some Deformed Special Relativities (DSR) where the so-called "rainbow metric" [ ]33| ] emerges 
as a momentum dependent metric to reproduce modified dispersion relations of a specific DSR 
model. We shall discuss further the comparison of our model with such approaches in the next 
section. 

In general, the distorted space time geometry, as observed by an observer who is initially at 
rest with respect to the D-particle, during an uncertainty time interval At ~ 1/e describing the 
scattering period, will be given by ( |4.12 ), where ~ rg s kj/M s , with r < 1, depending on the 
microscopic details of the momentum transfer during the capture process of fig. ||| 

The presence of a spatial recoil vector U[ in the metric distortion ( 4.12 ) implies Lorentz sym- 
metry breaking, or, better reduction. In fact, as discussed in [|4|] where we couple a fermionic 
system to this type of metrics, there is a reduced symmetry that characterizes the situation, namely 
a two-parameter subgroup of the SL(2,C) symmetry that leaves the magnitude of the recoil velocity 
u invariant. 

If we consider the situation [|2|] where many such D-particles puncture our brane world, as 
the latter sweeps through the bulk space time, then from the point of view of a three-dimensional 
brane observer, the D-particles will look like "space-time foamy" defect, flashing on and off with a 
frequency that depends on detailed dynamical properties of the complete bulk system. It is for this 
reason that we call such models, with a statistical population of D-particles, "D-particle foam" [|], 



19]. In such models, during the propagation of matter probes, there will be multiple scatterings of 



6 In the or iginal works [Q] we have considered times of order 1 /e so we ignored the decay, and concentrated only 
on the metric ( 4.12 ). Here we keep the X°-dependence explicit, in order to make manifest the relaxation nature of the 
induced deformation, implying an asymptotic Minkowski metric. 



14 



LIV from String Theory 



Nikolaos E. Mavromatos 



the probe with the D-particle defects. In each scattering there will be induced, locally in space-time, 



a coordinate- and momentum-dependent metric distortion of the form ( |4.12| ) 



As discussed in [26], the dynamics of the recoil degrees of freedom are described by an appro- 
priate Abelian gauge field, which obeys a subluminal Born-Infeld type action. This latter feature 
implies that the recoil/capture process depicted in fig. ^ is causal, and there will be a delay in the 
probe's propagation, as compared to its propagation in a vacuum without D-particles. The delay 
will occur as a result of the induced modified dispersion relation, for a probe of mass m, due to the 



metric (4.12): 



k^kyg^ (k) = -m z 



(4.13) 



We should mention at this point that, in a statistical ensemble of D-particles, it is possible that the 
effects of the metric distortions due to recoil cancel out on average [35], ((«;)) = 0, but quantum 



fluctuations remain non-trivial, ((ujiij)) = o 2 8jj, a / 0. In such a case the observable effects 
become much harder to detect. 

A modified dispersion relation will lead, through the appropriate group velocity, to a non- 
trivial vacuum refractive index for massless probes propagating in the above D-particle foam space 
time. As discussed above, the refractive index will be sub-luminal, due to special dynamics prop- 



erties of the stringy recoil problem [26]. From the momentum dependence of the associated metric 



distortion (4.12), we then observe that, unless the effects cancel out upon averaging over D-particle 



populations 1 , we are faced with a refractive index of the form ( 3.17 ), exhibiting minimal (linear) 
suppression by the string scale: 



^massless probe— D— recoil — 1 ^8. 



JM. 



(4-14) 



where the parameter t, > depends on the details of the D-particle foam, such as the D-particle 
density [32]. Such details cannot be estimated by theoretical considerations at present, as we 



are lacking a fundamental microscopic model. However, progress towards this direction is made 
by constructing explicitly superstring/super-brane world models in higher dimensional bulk space 



times [J19p. The big issue pending of course, towards phenomenologically realistic four dimen- 
sional models, is the appropriate compactification procedure, which unfortunately entails all sorts 
of complications regarding supersymmetry breaking etc. 

The main conclusion from this section so far, therefore, is that in the non-critical stringy mod- 
els of space-time foam, involving D-particles, there is an induced modification to the space time 



metric, (4.12), which depends linearly on the incident momentum, and eventually leads to sublu- 



minal modified dispersion relations ( |4.13[ ) on average. This subluminality feature will distinguish 
the approach from others in LIV Quantum Gravity, such as certain loop quantum gravity models 
and other proposals [|3"6|], where both subluminal and superluminal propagation may be allowed, 
thereby implying experimentally detectable (in principle) birefringence effects. 



7 If, of course, the D-particle foam effects cancel on average as far as momentum transfer is concerned during the 
multiple scatterings, ((«;)) = 0, then the quantum fluctuations may induce much smaller in magnitude terms in the 
Quantum Gravity modifications to the dispersion relation, suppressed by quadratic or higher powers of the string scale. 
As mentioned above, such terms are much harder to detect by present or immediate-future facilities, although one cannot 
exclude the possibility of reaching such sensitivities in the future if one detects and uses as probes very energetic cosmic 
particles, such as ultra-high-energy neutrinos from gamma ray bursts etc. pfl. 
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It has been observed [37], though, that not all string states, may be captured by D-particles. In 
particular, electrically charged excitations do not exhibit that behaviour, as a result of conservation 
of the electric flux and charge. In this respect, electrons might not exhibit such a behaviour in 
the presence of D-particle foam, which might help avoiding the stringent constraints on linearly 
suppressed (with the QG scale) dispersion relations, coming from studies of synchrotron radiation 



from Crab Nebula Q38[] . The latter, however, cannot place any stringent constraints on photon 
dispersion. In our approach, photons, as electrically neutral, can interact with the D-particles in 
the topologically non-trivial way depicted in fig. ||, involving splitting of strings, and, as such, they 
constitute one of the most sensitive probes of such modified dispersion relations. Of particular 
use are tests in which one measures arrival times of photons with different energies from gamma 
ray bursts, assuming simultaneous emission of photons with various energies at the source [B5]. 
According to the subluminal dispersion relation ( 4.13| ), the highly energetic photons will be delayed 



more, as compared with the less-energetic ones. 

We also remark that the D-particle recoil model can be used as a model for the implementation 
of relativistic modified Newtonian dynamics in a string theory context [HQ]. Indeed, if we assume 
that there is no uniform distribution of D-particles in the brane universe, but that the latter, as being 
massive with masses M s /g s , are concentrated more near galaxies, then due to the recoil process, 
one would obtain an induced modification to the regional metric, which, to lowest order in the 



recoil velocity, would be given by fl4.12p . In [JK]] we have extended the analysis to discuss higher 
order corrections to the recoil-induced metric, which we rewrote in a covariant form. We came to 
the conclusion that world-sheet conformal invariance can be maintained for metrics of the form: 

patter = e~ 2 * g ^ + f (<1>) ( Ufl U v ) (4.15) 



where g^ v is an Einstein-frame | J2Q[ | metric, is the four-vector of the D-particle recoil velocity, 
satisfying the constraint Un.u v g^ v = — 1, and f(<&) is an appropriate function of the dilaton <I>, 
which can be determined by demanding smooth connection of the metric g m v tter with the Einstein 



metric g^ v , both, at the moment of impact (fig. g) and asymptotically in target time. In Q4Q[ ] we 
discussed explicitly the case of linear dilatons, <I> ~ u^X^, and flat Minkowski metrics g^ v = rj^v, 
but this should be considered only as a toy situation. The full problem requires complicated, time 
dependent dilaton backgrounds, which should satisfy world-sheet conformal invariance conditions 
together with the appropriate Einstein graviton backgrounds g^ v . This general problem is still 
open. 



The important point of (4.15) is that it implies a bi-metric theory, since, as mentioned previ- 
ously, not all string states interact non trivially with the D-particle foam in the way demonstrated in 
fig. The induced metric ( |4.15 ) would lead to modified Newtonian dynamics in the regions where 



the concentration of the D-particle foam would be largest. In p0| ] we assumed that such regions are 
near galaxies, thereby leading to modified newtonian dynamics at galactic scales, in a similar spirit 



to the ideas advocated in [|41|], where metric deformations of the form ( [4.1 5\ > have been proposed, 
but with the role of played by arbitrary Lorentz violating vector fields A^. 

The dynamics of the recoil four vectors, though, in string theory is different from the 



one of the -field in [41]. Indeed, as already mentioned, the recoil degrees of freedom obey a 
Born-Infeld non-linear Lagrangian p6]]. The model has important implications for the amount of 
dark matter required in the Universe. In fact, by assuming a situation in which, on average over 
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large (statistically significant) populations of D-particles in galaxies, there is only a temporal time- 
dependent (isotropic) component of , we came to the conclusion [ 4C ] that a substantial amount 
of neutrino dark matter should be present. This is in contrast to the models in [[fj], which used 
the modified Newtonian dynamics at galactic scales to reproduce the relevant rotational curves and 
thus argue in favour of the absence of dark matter altogether. As explained above, neutrinos are 
among the few neutral particles that interact non trivially (c.f. fig. ||) with the D-particle foam, and 
as such they induce recoil, affecting significantly the galactic dynamics 8 . Our analysis is closer in 
spirit to that of ref. [42], where, in order to reproduce the acoustic peaks in the CMB spectrum, the 
authors have also included neutrino dark matter in the models of [[fj]]. For further details on this 
scenario we refer the reader to [4C], as further discussion on such issues would take us out of the 
main scope of the present article. 

A final but important comment we would like to make before closing this section concerns 
neutrinos or in general electrically neutral "flavoured" particles. Here, by the word flavour we do 
not necessarily mean neutrino flavour, but we use it also to describe neutral meson CP eigenstates 
(different from mass eigenstates), e.g. for kaons there are long and short-lived CP eigenstates, K®, 
K% etc. If the scattered string state in fig. § represents such a flavoured state (even a composite 
one, like a neutral kaon), then the re-emitted open string state after the recoil might be of a dif- 
ferent flavour, given that flavour may not be conserved during the capture/recoil process by the 
D-particle [p5|]. Although to prove this rigorously one needs a detailed microscopic description 
of such excitations in the context of the relevant string model, which is still lacking, nevertheless 
it looks a reasonable assumption to make, following other similar treatments of space-time foamy 
situations involving virtual black holes, which also do not conserve flavour [gj. 

This proves important for inducing possibly unique effects on entangled states of particles. 
Indeed, as discussed in detail in [13], this flavour non-conservation in D-particle foam models 
results in a particular violation of CPT symmetry, associated with the fact that the generator of CPT 
transformations is not well defined, at least in the framework of effective theories. This induces 



modifications to the pertinent Einstein-Podolsky-Rosen (EPR) correlations of particles Q43|, Bfl. To 
understand briefly what happens, consider the case of a meson decay in a so-called -factory. 
If normal CPT symmetry is assumed, the decay produces EPR entangled states of KjJCs on both 
sides of the detector. However, in the D-particle foam model of JT3|], characterized by the above- 
mentioned specific type of CPT violation, the results are contaminated by K$Ks and KlKl pairs. In 
fact, one can distinguish such genuine quantum gravity effects from background effects, due to their 
properties Hence, if observed, such effects would constitute, in my opinion, "smoking-gun" 
evidence of this type of CPT violation. 



5. Comparison with strings in Non- Commutative space times 

Lorentz violation may characterize non-commutative space times, as is for instance the case 
of space times with background electric and/or magnetic fields. Consider, for instance, the generic 

8 Moreover, since neutrinos avoid clustering, they have also been conjectured in [ po| to contribute to the dark energy 
of the Universe in a non-trivial way, which I do not have the time or space to explain here. 
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non commutativity relation among the coordinates of a manifold: 

[*V] = i0' tv (5.1) 

with Q^ v real and antisymmetric in its indices.The presence of 6 imply generically violations of 
Lorentz symmetry. From the point of view of strings, which is of interest to us here, we mention 
that non commutative (Lorentz violating) space times do arise in many instances in string theory, 
notably in cases with non trivial background electric or magnetic fields, with fixed direction in 
space. 



It has been argued [ 44 ] that any realistic non commutative field theory, endowed with its proper 
Moyal * product ( f*g(x) = exp [^d^ v d x ^d x v) f(x)g(y)\ x = y ), can be made physically equivalent 
to a subset of a general Lorentz violating extension of the standard model (SME), of the type 



considered by Kostelecky and collaborators [ 1C ] and mentioned in section 2 of the present article. It 
is interesting to notice [ 44 ] that, since many non commutative field theories satisfy CPT invariance, 
the resulting SME effective theories involve non renormalizable Lorentz violating terms, which 
however respect CPT symmetry. For example, regarding SME quantum electrodynamics, which 
was the subject of our discussion in section 2, the following subset of terms may be physically 



equivalent to a CPT conserving non-commutative field theory to leading order in 6^ v [44]: 



if = \iyf D M yA-mW- * V V " liqO a PF ap wr W+\iqB a ^F a ^ D p y 

+\mqe a PF a pWy- {qd^Fa^F^ + \qe a PF afi F^ v . (5.2) 

with q being the electric charge and denoting the gauge covariant derivative as usual. The reader 



should compare ( p.2| ) with the corresponding expression for SME, leading to (|2.4|): all the CPT- 
violating terms are absent, since the microscopic non commutative field theory is CPT invariant. 
For our purposes in this work, we mention that in general, non-commutative field theories 



appear to have problems with either unitarity and/or causality ||45|]. Indeed, the authors of [ |45| ] 
considered the elastic scattering of two wavepackets into two outgoing ones, in a generic non- 
commutative field theory ( |5.1| ), and demonstrated the existence of acausal ("advanced") out-going 
wave packets, with negative delays At, i.e. occurring before even the scattering of the incident 
waves took place. Also their calculation showed that rigid rods grow instead of Lorentz contracting 
at high energies. 

This unphysical situation, which seems to be generic to non commutative field theories, is 



eliminated if one considers stringy effects. Indeed, the authors of [45] repeated the scattering 
calculation by considering wavepackets in open (super) string theory. The result shows no advanced 
waves, and more interestingly, the outgoing wave packet splits into a series of packets, one located 
at the origin, x = 0, and the others at x = l6nna'po (where po is the energy of the wave packet, 
a' = i 2 s is the Regge slope, and l s is the string length scale), with increasing spread and decreasing 
amplitude as the order n of the packet increases. There is an intermediate stretched string state 
formed, which oscillates, thereby producing the series of the outgoing packets. The string has total 
energy po, and its length begins to grow up to order L ~ a'po storing the energy as potential energy. 
However, the scattering is causal, and the positive time delay, obtained in the calculation, increases 
linearly with the energy p$: 

At = a'po , (5.3) 
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which is consistent with the string uncertainty principle Q46[ ] 

MM > a' . (5.4) 



It is the above space-time uncertainty that makes a generic qualitative connection of open strings 
with non commutative space time theories. This connection is quantified when we consider the 
strings in background electric fields | E\ for instance. In such a case, the above-mentioned scattering 



is also found causal, with the only modification | |45| ] that the time delay ( |5.3| ) is multiplied by a 
factor 1/(1 -\E\ 2 ). 

Moreover, for high energies, higher-genus (quantum string corrections) amplitudes should be 
considered tft7||, since these are the dominant ones. If one repeats the calculation for the four-point 
open-string amplitude on a fixed genus G world-sheet, then, the relevant causal time delays are 



reduced [47]: At ~ S^f . We mention at this point that Genus re-summation effects are still not 



fully understood in string theory (due to issues regarding re-summability of the genus expansion), 
and hence truly non perturbative expressions for the above time delays are not known at present. 



In tests of photon dispersion relations, such as those in [B9j] studying the arrival times of 



photons from distant gamma-ray bursts, uncertainties due to critical-string interactions, as in (p.3|), 
should be considered as source effects, describing for instance interactions among photons - viewed 
as open string states- at the source regions. Such uncertainties would result in non simultaneous 



emissions of photons, and should be taken in principle into account in studies like [39], in order to 
correct the analyses in searches for quantum-gravity propagation effects. However, even for large 
string length scales, £ s 3> ^pianck, the number of total photon-photon scatterings at the source are 
such that these effects are negligible, when compared to the currently available time resolutions in 
these measurements. 



The time delays/uncertainties ( |5.3P , that increase linearly with the energy, bear some formal 
similarities with our D-particle/open-string-state interactions. There again, we have had the for- 
mation of an intermediate composite state (see fig. ^|), but the difference from the flat-space-time 
case of open-string scattering, was the induced Finsler-like metric ( |4.12| ). Nevertheless, precisely 
due to such metrics, there will be time delays for highly energetic photons, as compared to the less 
energetic ones, which will grow linearly with the energy, as follows from the induced refractive 
index effects ( 4.14| ). We note that, in the D-particle case, the total time delay of a matter probe in 



the D-particle foam, depends on the details of the defects distribution. If the latter is non uniform, 
as in the model of p0|], where the D-particle concentration is high near massive celestial bodies, 
due to the D-particle mass M s /g s , and very low in the "empty" space outside the body, then the 
arrival time delay effects due to ( |4.14 ) are suppressed in GRB photon tests p9|], compared to the 



case of uniform D-particle distribution over the D-brane world. This is a consequence of the fact 
that, in such a case, the effects are largest near the massive source, whilst photon propagation be- 
tween the source and the detector is virtually free. However, it seems to me that, to obtain such 
source-D-foam induced delays that could be measurable by the current technology, would require 
an unphysically large concentration of D-particles near the source of the GRB. 
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6. Brief Comparison with Deformed Special Relativities and models with Reduced 
Lorentz Symmetry: Finsler geometry as a common link 

Before closing the discussion, I would like to make a brief comparison of the above-mentioned 
results on momentum-dependent induced metrics in non-critical strings with a similar situation 
encountered in Deformed Special Relativities []|]. I will be very brief, as such theories have been 
discussed at length in the conference by other speakers and also in the literature, where I refer the 
reader for details. 

In ref. [ f33"l ] it was pointed out that the dispersion relations from a specific form of doubly 
special relativity with an invariant energy scale can be represented as a dispersion relation on a 
"rainbow" metric, that is a metric which depended on both coordinates and momenta. As we have 
seen above, this was precisely the situation characterizing our recoil-induced metrics [Q] ( |4.12 ), 



( |4.15 ). The fmslerian-geometry ^ interpretation given to such metrics in [^] applies intact to our 



case as well. In this respect, our D-particle recoil example may be considered as a case of Finsler 
geometry in string theory, a topic which has been discussed in the context of heterotic strings in the 



past Q48TJ, but from a different perspective. 

Finsler geometry is a generalization of the Riemannian geometry, based on the definition of a 
norm F(x,u) which is a function of coordinates and also of a tangent vector u, and which replaces 
the usual structure of the inner product over the tangent bundle in the Riemannian geometry. The 
norm F(x, u) defines the metric ^wji: 

_ 1 d 2 F 2 ( s n 

which can be equivalently expressed via the relation: 



F(x,u) = y g tiV (x,u)u^u v (6.2) 
A particle, of mass m, moving in a Finsler geometry is characterized by an action 

I = m F(x,x)dT (6.3) 
where the overdot denotes derivative with respect to time t, and F is the Finsler norm defined above 



T|), ( |6.2D . The norm can depend on several physically important parameters, such as the mass of 
the particle, or, as is the case with the D-particle recoil metric, the string scale and coupling, and in 
general the Planck scale for QG-induced modified dispersion relations. 
The canonical momenta in this formalism are defined as [^] : 

p,=m§ r =mi^ (6.4) 

and the modified dispersion relations are obtained as a result of the mass-shell condition with 
respect to the canonical momenta 

h tlv (x,p)p^ l p v = -m 2 (6.5) 
where h^ v (x,p) is the inverse of the velocity-dependent metric, h^ v (x,p) = g^ y (x,x). 
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One can define appropriately geodesies in such space times, and discuss the associated sym- 
metries. For details I refer the reader to the literature [§, 01. I only mention here that, the reduced 
Lorentz symmetry, for instance, of the recoil problem, that leaves the amplitude of the D-particle 
recoil- velocity vector \u\ invariant [[P|], finds a natural interpretation in terms of the appropriate 
Finsler-metric symmetries, describing the modified dispersion relations of the D-particle recoil 
problem. 

The above considerations were classical. However, one might consider a semi-classical treat- 



ment of the induced Finsler geometries in non-critical strings by considering [Q, [32p quantum fluc- 
tuations of the recoil velocity u,. In first-quantized string theory, such fluctuations are obtained 
by summing up world-sheet topologies of higher genus. It may be the case that, on average, 
Lorentz symmetry is restored, < m ( - >= 0, but quantum fluctuations do not respect the symme- 
try, < UiUj . In this spirit, we also encountered in the previous section a situation involving a 
statistical population of D-particles, in which case again Lorentz symmetry could be restored sta- 
tistically, with its breaking showing up only in higher-order correlators. Similar issues, regarding 
fluctuating geometries and non-trivial modified dispersion relations, have also been considered in 



a generic context in Q49[ ] 



I would like now to discuss a final case of Lorentz violation, where again Finsler geometry 
makes its appearance. The situation concerns the so-called "very special relativity" (VSR) model 
of Cohen and Glashow [O]. VSR models are characterized by a reduced Lorentz symmetry, which 
is determined as follows: defining light-cone coordinates = x° ±x 3 and x' for i = 1,2 in a four- 
dimensional space-time, the local physics symmetry group is provided by the following SIM(2) 
subset of Lorentz generators j^^ v : 

{^+-, -#12} (6.6) 

i.e omitting Upon taking the direct product with the translations {P + ,P_,Pi}, the resulting 

subgroup, called ISIM(2), leaves invariant the null direction 

^ = K (6.7) 

in the sense that, under the action of ^# + _, T]^ is rescaled to Xr]^, for A E R. 

In this picture there is an "aether" but moving at the speed of light, without definite velocity. 
In this sense it would be hard to detect experimentally. 



In Ql lfl, the authors looked for appropriate deformations of ISIM(2) in order to generalize the 
algebra to a curved background, and thus connect the approach to gravity. The proposed deforma- 
tions, DISIM^(2), are a subgroup of the Weyl group, involving the Poincare group and Dilations, 
and are represented by the action of as follows: 

x' -» X~ b x* , x ± -» X- bTl x ± (6.8) 

with b real, the parameter of the deformation. 

It was observed fllT|], then, that the above construction was related not to gravity but to a 
Finslerian geometry of the type proposed in [pC|], which leave invariant the following element: 

ds = {^ v dx^dx v ) {l ' b)/2 {ri p dxP) b TJ" = (6.9) 
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The authors of [ 1 1 ] , went further to construct a point-like particle action invariant under DISEVLj(2), 
following the generic procedure, described above (^3|), of constructing actions using Finsler norms 

3): 

/ D isiM fc (2) = -mjdt {-^ v x^x v ) (l - h)l2 (-n p xP) b (6.10) 



Constructing the canonical momenta, as in (6.4), then, yields the mass-shell condition (6.5) for this 
case as: 

rT/Wv = ~m\l -b 2 ) (-4fey) 2 " /(1+fe) (6.11) 

implying modified dispersion relations, as generically expected in a Finsler geometry. 

Bounds on b can be found by looking for anisotropy limits in mass kinetic terms ^ m ij xl & 
obtained from ( 5.10| ) by expanding in powers of (small) b. The current experimental situation 



yields the following bounds 8m/m < 10~ 23 , which imply very small deformation parameters |JT] 
\b\ < 10~ 23 , thereby calling for microscopic explanations (the problem is similar in spirit to the 
need for an explanation of the smallness of the cosmological constant). 

The reader's attention is now called to a comparison of the above results for VSR with our 
reduced-Lorentz symmetry situation encountered in D-particle recoil [fil], described previously. In 
the heavy (non-relativistic) D-particle foam case , as we have seen above, we have encountered a 



situation with reduced Lorentz symmetry for matter propagation [34], but, there, the symmetry left 
invariant the magnitude of the recoil velocity 3-vector u. However, when one considers statistically 
significant populations of D-particles, we have seen that there is the possibility of not having a 
definite spatial direction, but on average ((«;)) = and ((ujUj)) oc a §ij ,a/0 (the same might 
happen due to quantum fluctuations, which could wash out a spatial w-component average [HI |32[[). 



In the covariant generalization ( 4.15| ) of the recoil-induced geometry, advocated in [ftOu, we have 



seen that in such situations one could have only a temporal direction of the four vector , which 
does not destroy the universe's isotropy and is left invariant by the symmetry transformations. 
Alternatively, one might consider adaptations of the model to situations in which one of the light- 
come directions (like the forward one 5+, as in the VSR case above) is fixed. In such a case, it 
would be interesting to investigate the nature of the appropriate (deformed) symmetry group, along 



the lines of the study for the VSR model [11] 



I note that in the D-particle recoil case, as in VSR, one obtains deformations from a flat 
Minkowski metric, and in this sense only Finslerian geometries rather than full gravity emerge. 
However, I doubt that there is a no go theorem, and I firmly believe that the above Finslerian defor- 
mations do play an important role on the local symmetry group of quantum gravity, which might be 
a deformed symmetry like the cases encountered in DSR models. As far as strings are concerned, 
our D-particle foam case is only a special example 9 . In general, as mentioned previously, Finsler 
geometry is known to play a role in heterotic strings [[l|], and it would be interesting to discuss 
generalizations of the analysis of JlH ] in order to construct a first-quantized stringy world-sheet 



action, extending appropriately the particle-case result (5.10). I conjecture that Finsler geometry 



plays a fundamental role in the dynamics of M theory constructions. 



9 I note here that an attempt to discuss deformed Lorentz symmetries of the type appearing in DSR models 
leading to modified dispersion relations, in world-sheet cr-models, was also made in [pj|]. 
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7. Conclusions and Outlook 

In this talk I discussed some instances in string theory where Lorentz Invariance Violations 
(LIV) may occur. I have discussed several topics which might be of interest to this conference. 
Namely, I first discussed LIV in the context of non-supersymmetric open string field theory, whose 
low energy limit is described by an extension of the standard model. Then I proceeded to a discus- 
sion of induced modifications in the dispersion relations for matter probes in the context of non- 
critical string theory and, as a specific example, I described D-particle foam models, in which some 
string states can be captured by point-like D-brane defects in space time. This procedure entails the 
distortion of space time in the neighborhood of the recoiling defect by a coordinate and momenta 
dependent Finsler-type metric, responsible for modified dispersion relations of low-energy string 
matter propagating in the foam. In fact the induced metric may be such that one obtains non-trivial 
subluminal refractive indices, with corrections that depend linearly on the probe's energy, and are 
suppressed by a single power of the string scale. 

I compared the situation with strings in non commutative space times, where causal scattering 
of string states also induce time uncertainties that grow linearly with the energy of the probe, as 
in the D-particle recoil case. I also noticed that Finsler metrics appear in DSR, and also in some 
very special relativities, advocated recently, which preserve most of the phenomenology of Lorentz 
invariant theories, but are characterized by a reduced symmetry. 

I made the point that, although the phenomenology of LIV is complex, and there is no sin- 
gle figure of merit to parametrize such violations, nevertheless the key to obtain "smoking-gun 
evidence" of specific models might lie on the violation of quantum discrete symmetries, such as 
CPT I mentioned briefly a specific way of breaking CPT symmetry, characterizing D-particle foam 
models, in which the CPT generator is not well defined as a quantum mechanical operator, and as 
such, it leads to unique effects on the entangled states of neutral mesons. 

Although it is too early to speculate on the ability of detecting possible effects of quantum 
gravity in the near future, I believe that the current theoretical and experimental situation appears 
exciting, and surprises may indeed be waiting "around the corner". Many branches of modern 
physics, from astrophysics and particle physics (including strings, general relativity and cosmology 
in its theoretical subjects), to delicate atomic physics precision experiments, are currently partic- 
ipating in the quest for this elusive theory. This multidisciplinary aspect has been captured well 
by the current conference, which brought together experimenters and theorists from many of the 
above disciplines to draft up future strategies for research and development in Quantum Gravity. 
Let us hope that their efforts will be rewarded by success in the not-so-distant future. 
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